Limited literacy in adults may contribute to racial disparities in health ([@B1],[@B2]). According to the Institute of Medicine, 90 million people in the U.S. lack the literacy proficiency needed to effectively understand and act on health information ([@B3]). This has often been referred to as health literacy: a reflection of the complex interface between a patient\'s ability and the literacy prerequisites of participating in one\'s health and interacting with the health care system ([@B3]). Low health literacy is common among patients with diabetes. Patients with lower health literacy have greater difficulty understanding their disease ([@B4]), worse glycemic control ([@B5],[@B6]), and worse clinical outcomes ([@B7]) than patients with adequate health literacy. Individuals at highest risk for low health literacy include individuals who are elderly, publicly insured or uninsured, lack English proficiency, and/or are members from a racial or ethnic minority group ([@B8]).

Numeracy is an important component of literacy and has been defined as "the ability to understand and use numbers in daily life" ([@B9]). In a national survey, 61% of adults in the U.S. could not perform the most rudimentary of quantitative skills, and another 26% of respondents had only basic skills ([@B10]). A few recent studies have found numeracy to be important in health ([@B11]); and while health literacy and numeracy may be related ([@B10]), we have found many patients with adequate health literacy skills who lack basic numeracy skills ([@B9]). Thus, the impact of literacy and/or numeracy on patient health outcomes may vary according to the requisite skills needed for self-management in a given disease context ([@B12][@B13]--[@B14]).

In diabetes, both limited health literacy and numeracy, and African American race have been associated with poorer glycemic control ([@B6],[@B15]). Furthermore, the prevalence of low health literacy and numeracy has been significantly higher among African American individuals with diabetes than whites ([@B14],[@B15]). Recent studies in other diseases suggest that health literacy is a more powerful predictor of health outcomes than race ([@B1],[@B2]). However, the role of numeracy as a determinant of racial differences in health outcomes, and whether numeracy is more likely than health literacy to explain these differences, is unknown. The objective of this study was to examine the mediating effect of health literacy and numeracy (general and diabetes-related) on the relationship between African American race and glycemic control.

RESEARCH DESIGN AND METHODS
===========================

Setting and study participants
------------------------------

From March 2004 until November 2005, study participants were enrolled in a cross-sectional study from two primary care clinics and two diabetes specialty clinics located at three medical centers. Inclusion criteria included a diagnosis of type 1 or type 2 diabetes, age 18--85 years, and English-speaking. Exclusion criteria included a previous diagnosis of dementia, psychosis, or blindness. In addition, patients with a corrected visual acuity of 20/50 or worse using a Rosenbaum Screener (Prestige Medical, Northridge, CA) were excluded. Participants received \$20 for participation. The Veterans Affairs Tennessee Valley Healthcare System Research & Development Committee and Institutional Review Boards at Vanderbilt University Medical Center and the University of North Carolina at Chapel Hill approved this study. Written consent was obtained from all participants.

Data and procedure
------------------

Trained research assistants received referrals of potential patients from clinic health providers and then engaged in an informed consent process and conducted a structured interview with enrolled patients. Information gathered included demographic information, literacy, general numeracy, diabetes-related numeracy, and glycemic control. Demographic and clinical self-reported information included patient age, sex, education level, annual income, race/ethnicity, the use of insulin, diabetes type, and years of diagnosed diabetes.

Measures
--------

### Literacy.

Literacy was assessed using the Rapid Estimate of Adult Literacy in Medicine (REALM), a validated measure of reading ability that correlates with reading comprehension ([@B16]). If the patient scored less than a sixth-grade reading level by the REALM, then the remainder of the instruments were administered orally to ensure that the content of the survey questions were understood by the patient. All subjects were given the option of oral administration if desired.

### General numeracy.

General numeracy skills were measured with the math section of the Wide Range Achievement Test, 3rd Edition (WRAT-3), a validated instrument that evaluates calculation skills ([@B17]).

### Diabetes-related numeracy.

Diabetes-related numeracy skills were measured with the recently validated Diabetes Numeracy Test (DNT) ([@B13]). In contrast to the WRAT-3, which primarily measures calculation skills, the DNT is composed of word problems assessing calculation, interpretation of tables, graphs or figures, and the application of necessary numeracy skills to solve problems and perform self-management tasks specific to diabetes care.

### Glycemic control.

Glycemic control was assessed by the most recent A1C value in the patient\'s medical record; 96% were obtained within 6 months of the subject evaluation and the median time between A1C and evaluation was 15 days (range 0--323).

Analyses
--------

Structural equation models (SEM), specifying the relationships between variables, were estimated using AMOS, version 17. Advantages of this procedure include the generality and flexibility of model specification and the ability to assess fit of the hypothesized model to the observed data.

Model fit using maximum likelihood estimation can be evaluated through use of the χ^2^ goodness-of-fit statistic. If χ^2^ is large relative to the degrees of freedom, this represents a poor fit of the estimated model to the data. Conversely, when χ^2^ is small relative to the degrees of freedom, this represents adequacy of model fit. Because sample size may unpredictably influence the evaluation of the fit of the model to the observed data, supplemental indicators of model fit, such as the comparative fit index (CFI) and root mean square error of approximation (RMSEA), were also applied ([@B18]). CFI values that exceed 0.90 and RMSEA values below 0.08 indicate acceptable model fit ([@B18]). The CFI and the RMSEA are both sensitive to model misspecification and are minimally affected by sample size ([@B18]). Hypotheses regarding the specific structural relations of the constructs in the model were also evaluated through inspection of the direction and magnitude of the path coefficients.

Three structural equation models were estimated with a correlation matrix generated by 383 cases---a sample size considered to be of adequate power to detect large effects ([@B19]). There were no missing data. Model 1 tested whether African American race predicted higher A1C levels after controlling for age, sex, years of education, annual income, insulin use (yes or no), diabetes type, and years of diagnosed diabetes. Model 2 tested whether African American race predicted low literacy skills, low general numeracy skills, and low diabetes-related numeracy skills, and whether these variables, in turn, predicted A1C levels. Finally, an adjustment for other predictors was accounted for in model 3, which tested all predicted pathways to A1C.

RESULTS
=======

Participant characteristics
---------------------------

From March 2004 to November 2005, 615 patients were referred for possible enrollment. Of these, 191 refused participation and 18 were excluded due to poor vision (*n* = 7), age (*n* = 4), non--English speaking (*n* = 2), or other exclusion criteria (*n* = 5). Of the 406 patients who were consented, 398 (98%) completed the study. Only patients who reported being African American or white were included in the current analysis (*n* = 383). Characteristics of these patients are presented in [Table 1](#T1){ref-type="table"}. The associations between patient characteristics were analyzed using the Cuzick nonparametric test for trend across the four diabetes numeracy test score quartiles using Stata 9.0 ([@B20]). The median age for the entire sample was 56 years, 50% were male, and 65% were white. Fifty-six percent of the patients reported having greater than a high school level education, 31% had less than a ninth-grade reading level (on REALM), and 69% had less than a ninth-grade level of general numeracy skills (on WRAT-3R). The median (interquartile range) diabetes numeracy test score was 65% (42--81%). The majority of the patients (62%) were on insulin, and the median A1C was 7.2% (6.5--8.3%).

###### 

Characteristics of study population and by DNT score quartile

                                     All subjects     DNT                                                                 
  ---------------------------------- ---------------- ---------------- ---------------- ---------------- ---------------- ---------
  Quartile range                                      \[0--42%\]       \[43--65%\]      \[66--82%\]      \[66--82%\]      
  *n*                                383              104              97               98               84               
  Age (years)                        56 (47--64)      61 (51--67)      57 (49--66)      56 (47--62)      50 (41--56)      \<0.001
  Female                             193 (50)         63 (60)          43 (44)          49 (50)          38 (45)          0.07
  Race                                                                                                                    
      White                          249 (65)         32 (31)          65 (67)          77 (79)          75 (89)          \<0.001
      Nonwhite                       134 (35)         72 (69)          32 (33)          21 (21)          9 (11)           
  Income (*n* = 375)                                                                                                      
      \<20,000 USD                   166 (44)         80 (80)          47 (49)          23 (23)          16 (20)          \<0.001
      ≥20,000 USD                    209 (56)         20 (20)          48 (51)          75 (77)          66 (80)          
  Education (*n* = 377)                                                                                                   
      Less than high school or GED   163 (43)         74 (73)          47 (49)          29 (30)          13 (15)          \<0.001
      High school or GED or more     214 (57)         27 (27)          49 (51)          67 (70)          71 (85)          
  Private insurance (% yes)          185 (48)         32 (31)          39 (40)          58 (59)          56 (67)          \<0.001
  Literacy status, REALM                                                                                                  
      Less than ninth grade          120 (31)         71 (68)          30 (31)          15 (15)          4 (5)            \<0.001
      Ninth grade or higher          263 (69)         33 (32)          67 (69)          83 (85)          80 (95)          
  Numeracy, WRAT-3                                                                                                        
      Less than ninth grade          266 (69)         103 (99)         84 (87)          52 (53)          27 (32)          \<0.001
      Ninth grade or higher          117 (31)         1 (1)            13 (13)          46 (47)          57 (68)          
  Diabetes: type 2 (% yes)           327 (85)         100 (96)         90 (93)          86 (88)          51 (61)          \<0.001
  Years of diabetes                  9 (3.5--17)      8 (3--15)        9 (4--16)        10 (4--19)       9 (5--17)        0.48
  Insulin use (% yes)                236 (62)         65 (63)          57 (59)          51 (52)          63 (75)          0.25
  BMI (kg/m^2^)                      32 (28--38)      33 (28--39)      33 (29--38)      31 (28--37)      32 (26--38)      0.20
  A1C (%)                            7.2 (6.5--8.3)   7.6 (6.5--9.0)   7.2 (6.3--8.3)   7.2 (6.5--8.0)   7.2 (6.4--8.2)   0.24

Data are medians (interquartile range) or *n* (%) unless otherwise stated.

\*Test for trend (nonparametric) comparing across DNT quartiles.

Test of structural models
-------------------------

Model 1 included eight predictor variables: age, sex (male or female), years of education, annual income, insulin use (no or yes), diabetes type, years of diagnosed diabetes, and race (white or African American); and one outcome variable: A1C. Examination of the path coefficients in this just identified model suggested that younger age (*r* = −0.21, *P* \< 0.001), using insulin (*r* = 0.27, *P* \< 0.001), having been diagnosed with diabetes for more years (*r* = 0.16, *P* \< 0.01), and African American race (*r* = 0.12, *P* \< 0.01) were associated with higher A1C levels and accounted for 17% of the variability in A1C levels.

Significant predictors of A1C identified in model 1 were retained in model 2 ([Fig. 1](#F1){ref-type="fig"}), and nonsignificant variables were omitted. Literacy (REALM scores), general numeracy (WRAT-3 scores), and diabetes-related numeracy (DNT scores) were included in model 2 as potential mediators (i.e., explanatory factors) in the predicted pathway from African American race to A1C. Examination of the path coefficients suggested that African American race was associated with limited literacy skills (*r* = −0.39, *P* \< 0.001), limited general numeracy skills (*r* = −0.43, *P* \< 0.001), and limited diabetes-related numeracy skills (*r* = −0.46, *P* \< 0.001). Of these skills, only diabetes-related numeracy significantly predicted A1C levels. Higher diabetes-related numeracy was associated with lower A1C levels (*r* = −0.15, *P* \< 0.01) and reduced the effect of African American race to nonsignificance (*r* = 0.10, NS), thereby accounting for the association between African American race and A1C levels. As shown in [Fig. 1](#F1){ref-type="fig"}, the estimated model demonstrated poor fit of the data \[χ^2^ (12, *n* = 383) = 485.47, *P* \< 0.001, CFI = 0.464, RMSEA = 0.32 (90% CI 0.30--0.35)\] likely due to a net effect of constructs in the model (i.e., too many paths being estimated relative to the sample size), not because of the structural relations specified.

![Model 2: initial model (model 1) adding in literacy and numeracy as potential mediators. Coefficients are standardized path coefficients. Overall model fit, χ^2^ (12, *n* = 383) = 485.47, *P* \< 0.001, CFI = 0.464, RMSEA = 0.32 (90% CI 0.30--0.35). For tests of significance of individual paths: \*\**P* \< 0.01, and \*\*\**P* \< 0.001.](zdc0080976610001){#F1}

Significant predictors of A1C in model 1 and 2 were retained in model 3, including the significant path from African American race to diabetes-related numeracy, and diabetes-related numeracy to A1C (i.e., the direct path from African American race to A1C was omitted along with omitting literacy and general numeracy from the model). In model 3 ([Fig. 2](#F2){ref-type="fig"}), the relationships between age and diabetes numeracy, insulin use and diabetes numeracy, and years of diagnosed diabetes and diabetes numeracy were added and evaluated. Examination of the path coefficients suggested that, in addition to African American race (*r* = −0.47, *P* \< 0.001), older age was associated with lower diabetes-related numeracy (*r* = −0.35, *P* \< 0.001). Insulin use and years of diagnosed diabetes were unrelated to diabetes-related numeracy. As indicated in [Fig. 2](#F2){ref-type="fig"}, the estimated model demonstrated good fit of the data: χ^2^ (1, *n* = 383) = 3.02, *P* = 0.08, CFI = 0.99, RMSEA = 0.07 (90% CI 0.00--0.17).

![Model 3: significant predictors from model 2 adding in age, years of diagnosed diabetes, and insulin use as potential predictors of numeracy. Coefficients are standardized path coefficients. Overall model fit, χ^2^ (1, *n* = 383) = 3.02, *P* = 0.08, CFI = 0.99, RMSEA = 0.07 (90% CI 0.00--0.17). For tests of significance of individual paths: \*\**P* \< 0.01, and \*\*\**P* \< 0.001.](zdc0080976610002){#F2}

Significant predictors of A1C and diabetes-related numeracy in previous models were retained in a trimmed version of model 3 (i.e., excluding all nonsignificant paths). In the trimmed model, African American race and older age were associated with lower diabetes-related numeracy, accounting for 32% of the variability in diabetes numeracy. Younger age (*r* = −0.24, *P* \< 0.001), using insulin (*r* = 0.23, *P* \< 0.001), having been diagnosed with diabetes for more years (*r* = 0.15, *P* \< 0.01), and having more diabetes-related numeracy (*r* = −0.47, *P* \< 0.001) were associated with higher A1C levels, accounting for 17% of the variability in A1C. As indicated in [Fig. 3](#F3){ref-type="fig"}, the estimated model demonstrated good fit of the data, χ^2^ (3, *n* = 383) = 6.91, *P* = 0.07, CFI = 0.99, RMSEA = 0.06 (90% CI 0.00--0.12). A χ^2^ difference test was performed to compare whether the trimmed version of model 3 was significantly different from the full model 3, χ^2^ difference (2, *n* = 383) = −3.89 (NS). After dropping the paths from insulin use to diabetes-related numeracy skills, and years of diagnosed diabetes to diabetes-related numeracy in the trimmed model 3, the χ^2^ difference indicated that compared with the more complex model (full model 3), the more parsimonious model (trimmed model 3) should be retained.

![Model 3: trimmed to significant predictors. Coefficients are standardized path coefficients. Overall model fit, χ^2^ (3, *n* = 383) = 6.91, *P* = 0.07, CFI = 0.99, RMSEA = 0.06 (90% CI 0.00--0.12). For tests of significance of individual paths, \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.](zdc0080976610003){#F3}

CONCLUSIONS
===========

Understanding the reasons and eliminating the pervasive health disparities across race and ethnicity is a major research, clinical, and health policy goal ([@B21]). Consistent with prior work ([@B22]), we found that African American race predicted poor glycemic control. Uniquely, we found that diabetes-related numeracy reduced the explanatory power of African American race, such that diabetes-related numeracy, not African American race, significantly predicted glycemic control. To our knowledge, our study is the first to examine health literacy, general numeracy, and diabetes numeracy as mediators of the relationship between African American race and poor glycemic control.

The relationship between African American race and glycemic control is likely due to a complex interaction between many patient, provider, and system-level factors ([@B23]). Recently, it has been suggested that physician-level factors may explain the relationship between race and glycemic control ([@B23]). The same authors also acknowledge that up to 38% of racial differences in glycemic control may be due to patient sociodemographic factors ([@B23]), but this analysis did not include a measure of education. Given the often-recommended and required patient self-adjustment of diabetes therapy, which relies heavily on numeracy skills, we believe diabetes numeracy is an important patient-level factor to consider when exploring disparities in diabetes. According to our study findings, diabetes numeracy indeed may be a significant contributor to mediating the relationship between race disparities and glycemic control.

The findings of this study also suggest that patients who are older or African American are at particularly higher risk of lower diabetes numeracy skills, and, in turn, worse glycemic control. Lower numeracy could be, in part, due to *1*) opportunity factors (e.g., coursework), *2*) propensity factors (e.g., prerequisite skills), and *3*) distal factors (e.g., SES) ([@B24]). Identification of patients with lower diabetes numeracy skills may allow for the implementation of diabetes educational programs tailored to a patient\'s individual needs ([@B25]). Further research is needed to determine the impact of literacy and numeracy-sensitive diabetes care programs on diabetes outcomes, with special attention to a possible role in the reduction of racial disparities in glycemic control.

Although literacy has been shown to reduce the effect of African American race on other health outcomes ([@B1],[@B2]), it did not explain the association between African American race and A1C in our study. In fact, literacy, as measured by the REALM, was unrelated to A1C. One explanation may be that for patients with diabetes, reading skill or literacy, while necessary, may not sufficiently capture all of the complexities related to the needs of day-to-day diabetes care. Yet, accurate interpretation and application of quantitative information is likely required for successful diabetes medication, dietary, and glucose monitoring management. Another possibility is that our measure of literacy, the REALM, while well validated, may not assess patient\'s literacy level to the most specific level possible, especially for patients with more advanced skills (i.e., ceiling effect).

There are limitations in our study that should be acknowledged. First, although structural equation modeling proposes a causal relationship between variables, the current study measured all variables cross-sectionally and, thus, can most appropriately speak to associations between variables observed at a single point in time, not causality. Future research is needed to investigate the longitudinal effects of these variables on changes in glycemic control over time. Second, whereas the DNT was designed to measure patients\' existing diabetes-related numeracy skills, performance on the DNT may also reflect differences in diabetes knowledge, prior diabetes education, or differences in provider management and communication. Third, although the structural models adjusted for many potential confounding variables, there remains the possibility of residual confounding. Finally, this study excluded non--English-speaking participants, who may be at high risk for limited diabetes-related numeracy skills and worse glycemic control. Despite these limitations, our study is the first to assess the impact of literacy, general numeracy, and diabetes-related numeracy in explaining racial differences in glycemic control in a diverse patient population.

Low diabetes-related numeracy presents a wide-reaching barrier to successful disease management that is potentially modifiable. The development of educational programs and adaptive tools designed to facilitate effective patient-provider communication and accommodate patients with low numeracy skills could potentially be a useful approach to improving glycemic control. In addition, these improvements may help decrease well-noted racial disparities in glycemic control and, ultimately, also contribute to reducing racial disparities in the development of diabetes complications and related mortality. Future research should explore the role of numeracy-focused interventions in reducing racial disparities in diabetes outcomes.
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